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Abstract

Non-small cell lung cancer (NSCLC) remains the leading cause of cancer-related deaths worldwide.
The majority of patients are diagnosed in advanced disease stage. Bone metastasis is the most
frequent complication in NSCLC resulting in osteolytic lesions. The perfect balance between boneresorbing osteoclasts and bone-forming osteoblasts activity is lost in bone metastasis, inducing
osteoclastogenesis. In NSCLC, the epidermal growth factor receptor (EGFR) pathway is
constitutively activated. EGFR binds Amphiregulin (AREG) that is overexpressed in several
cancers such as colon, breast and lung. Its levels in plasma of NSCLC patients correlate with poor
prognosis and AREG was recently found as a signaling molecule in exosomes derived from cancer
cell lines. Exosomes have a key role in the cell-cell communication and they were recently indicated
as important actors in metastatic niche preparation. In the present work, we hypothesize a role of
AREG carried by exosomes derived from NSCLC in bone metastasis induction. We observed that
NSCLC-exosomes, containing AREG, induce EGFR pathway activation in pre-osteoclasts that in
turn causes an increased expression of RANKL. RANKL is able to induce the expression of
proteolytic enzymes, well-known markers of osteoclastogenesis, triggering a vicious cycle in
osteolytic bone metastasis.
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Samenvatting

Niet-kleincellige longkanker (NSCLC) is nog steeds de hoofdoorzaak van kankergerelateerde
overlijdens wereldwijd. Bij de meeste patiënten wordt deze ziekte in een vroeg stadium
gediagnosticeerd. Botmetastase is de meest voorkomende complicatie bij NSCLC en leidt tot
osteolytische letsels. Het perfecte evenwicht tussen de activiteit van botresorberende osteoclasten en
die van botvormende osteoblasten wordt door botmetastase verstoord, hetgeen leidt tot
osteoclastogenese (botafbraak). Bij NSCLC wordt de baan van de epidermale groeifactor-receptor
(EGFR) constitutief geactiveerd. EGFR bindt Amphiregulin (AREG) dat overduidelijk aanwezig is
in diverse kankers, bijv. in karteldarm-, borst- en longkanker. De aanwezigheidsniveaus van AREG
in plasma van NSCLC-patiënten correleren met een gebrekkige prognose en onlangs werd AREG
geïdentificeerd als een informatie overbrengende (signaal)stof in exosomen afgeleid uit
kankercellijnen. Exosomen spelen een belangrijke rol in de communicatie tussen cellen en zijn sinds
kort ook geïdentificeerd als belangrijke actoren om de metastatische niche voor te bereiden. In dit
werk veronderstellen wij dat AREG gedragen door exosomen afgeleid van NSCLC een rol spelen in
het veroorzaken van botmetastase. Wij hebben opgemerkt dat NSCLC-exosomen die AREG bevatten
een activering van de EGFR-baan in pre-osteoclasten teweegbrengen hetgeen op zijn beurt leidt tot
een sterkere expressie van RANKL (receptor-activator van nucleaire factor kappa-B-ligand).
RANKL kan leiden tot de expressie van proteolytische enzymen, goed gekende merkers van
botafbraak, die een vicieuze cyclus op gang brengen in osteolytische botmetastase.
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Summary-Informative abstract

Introduction: Lung cancer represents the main cause of world cancer-related deaths. Malignant
lung tumors can be subdivided into small-cell-lung carcinoma (SCLC) and non-SCLC (NSCLC).
The three main subtypes of NSCLC are: squamous cell carcinoma, adenocarcinoma and large lung
cell carcinoma. Almost 85% of lung cancers are classified as NSCLC and adenocarcinoma is the
most frequent. The lack of clinical manifestations during the initial stages of lung cancer
development, the absence of appropriate diagnostic, prognostic and predictive biomarkers and the
limited efficacy of the available treatments correlate to high mortality rate. Bone metastasis is the
most frequent complication in NSCLC resulting in osteolytic lesions. Bone microenvironment can
promote the growth of lung cancer osteolytic metastases through the interaction of metastatic cells
with osteoclasts and osteoblasts, inducing loss of the perfect balance between bone-resorbing and
bone-forming cells activity. Several reports indicate that EGFR signaling is upregulated in NSCLC
and in a variety of tumors metastasizing to the bone. Furthermore, it was demonstrated that EGFR
regulates osteoclast differentiation through the crosstalk with RANK signaling. EGFR is bound and
activated by a family of seven peptide growth factors among which we focused on Amphiregulin.
This protein is overexpressed in several cancers such as colon, breast and lung. Its levels in plasma
of NSCLC patients correlate with poor prognosis and AREG was recently found as a signaling
molecule in exosomes derived from cancer cell lines. It has been described that exosomes have a
key role in cell-cell communication and they were recently indicated as important actors in
metastatic niche preparation. Recently our research group showed that multiple myeloma cells
(MM) exosomes had a role in osteoclast differentiation. Raimondi et al., showed that exosomes
released by MM cells are involved in osteoclasts differentiation. These exosomes induced the
differentiation of murine macrophages (RAW 264.7) and human primary preosteoclasts in
osteoclasts, increasing the expression of osteoclast markers such as Cathepsin K (CTSK), Matrix
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Metalloproteinase 9 (MMP9), and Tartrate-resistant Acid Phosphatase (TRAP). Results: In the
present work, we hypothesize a role of AREG carried by exosomes from NSCLC cells in bone
metastasis induction. In order to demonstrate that AREG contained in NSCLC-exosomes plays a
key role in the induction of pre-osteoclast differentiation in mature osteoclasts, exosomes isolated
in vitro from CRL-2868 conditioned media and in vivo from plasma of NSCLC patients were
characterized through morphological and biochemical analyses. In line with data from literature, we
showed that RAW 264.7 cells treated with NSCLC exosomes activate the EGFR pathway that
caused an upregulation of RANKL and of osteoclastogenesis markers (MMP9 and TRAP). In order
to confirm the central role of EGFR pathway activation in the induction of osteoclastogesis, we
tested the effects of Erlotinib in the osteoclasts differentiation mediated by NSCLC exosomes. The
co-treatment of pre-osteoclasts with exosomes and Erlotinib reverted the effect on exosomes in
osteoclasts differentiation, indicating that the block of EGFR pathway inhibited osteoclastogenesis.
In order to test if exosomal AREG was an important molecule in the induction of EGFR pathway,
we performed experiments with recombinant AREG and AREG neutralizing antibody. The
treatment of pre-osteoclasts with recombinant AREG had the similar effects of NSCLC-exosomes
on the induction of EGFR phosphorylation causing an increase of RANKL that modulated MMP9
and TRAP expression and induced the typical phenotype of mature osteoclasts. The co-treatment of
pre-osteoclasts with NSCLC-exosomes and AREG neutralizing antibodies reverted the effects on
osteoclasts differentiation mediated by NSCLC exosomes. The central role of exosomal AREG in
osteoclast differentiation was confirmed by a knockdown of AREG in CRL-2868 cells. The decrease
of AREG levels in CRL-2868 cells inhibited the accumulation of this molecule into exosomes,
reverting the effects on osteoclastogenesis induced by lung cancer exosomes. We demonstrated that
NSCLC patient exosomes were enriched in AREG and the data obtained in Raw 264.7 cells treated
with exosomes released by CRL-2868 cell line were also confirmed with human committed
preosteoclast PMBCs treated with esosomes isolated from plasma of twenty NSCLC patients at
different disease stages. Conclusion: Our results show that exosomal AREG induces the activation
of EGFR pathway that increases, in pre-osteoclasts treated with NSCLC-exosomes, the expression
of RANKL at mRNA and protein levels. RANKL, in turn is able to induce the expression of
proteolytic enzymes considered osteoclastogenesis markers, triggering the vicious cycle. These data
suggest that investigate the role of AREG contained in NSCLC-exosomes in the osteoclast
differentiation might permit to improve the therapeutic strategy to inhibit the fatal attraction between
lung cancer and bone.
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CHAPTER 1

Background

1.1 Lung cancer
Lung cancer represents the main cause of world cancer-related deaths (1). Malignant lung tumors
can be subdivided into small-cell-lung carcinoma (SCLC) and non-SCLC (NSCLC). The three main
subtypes of NSCLC are: squamous cell carcinoma, adenocarcinoma and large lung cell carcinoma.
Almost 85% of lung cancers are classified as NSCLC and adenocarcinoma is the most frequent
subtype (2). The lack of clinical manifestations during the initial stages of lung cancer development,
the absence of appropriate diagnostic, prognostic and predictive biomarkers and the limited efficacy
of the available treatments correlate to high mortality rate (3). Lung cancer preferentially
metastasizes in bone, brain, liver and distant lymph nodes (4). NSCLC-patients show bone
metastasis at diagnosis or develop bone metastasis during the course of disease (5). Lung cancer
induces both osteoblastic and osteolytic metastases formation being osteolytic metastases the most
common in NSCLC (6,7). Conventional chemotherapy, in combination with radiotherapy, are the
two major treatments to prolong the survival of NSCLC patients (8). These treatments have
improved outcomes, but a significant proportion of NSCLC patients do not respond to these
treatments. The discovery of new molecular targets (EGFR mutations and ALK rearrangements)
and drugs like tyrosine-kinase inhibitors (TKIs) has ameliorated clinical outcomes of the disease.
Despite the remarkable initial response, essentially all these tumors recur and eventually develop
secondary resistance mutations in the same target, or different alterations in other molecular
pathways leading to unsuccessful treatment and disease progression (8). The elucidation of
resistance mechanisms to molecular treatment may provide a basis for the development of new
strategies to overcome this resistance and to enhance NSCLC patients outcome.
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1.2 Epidermal growth factor receptor
Epidermal growth factor family of receptor tyrosine kinases (ErBs) play an essential role in cancer
biology. ErBs family consists of four members: EGFR (ErbB1, HER1), ErbB2 (HER2), ErbB3
(HER3) and ErbB4 (HER4). Epidermal growth factor receptor (EGFR) signaling regulates different
steps of tumor progression by stimulating uncontrolled proliferation of tumor cells, conferring the
ability to evade programmed cell death, promoting their migration in order to facilitate metastasis
and angiogenesis, inducing resistance to cytotoxic chemotherapy (9). EGFR is a 486 amino-acid
single chain transmembrane glycoprotein of 170 kDa, consisting of an extracellular ligand-binding
ectodomain, a transmembrane domain, a short juxtamembrane section, a tyrosine kinase domain
and a tyrosine-containing C-terminal tail. The kinase activity, required for signal transduction, is
dependent on a lysine residue at position 721 (10). EGFR is regulated by a family of seven peptide
growth factors: amphiregulin (AREG), betacellulin (BTC), epidermal growth factor (EGF), epigen
(EPGN), epiregulin (EREG), heparin-binding EGF-like growth factor (HBEGF) and transforming
growth factor-alfa (TGFA) (10). The soluble form of these growth factors contains a conserved
structure known as the EGF-like domain and derived from a transmembrane precursors following a
proteolytic cleavage (10).

Unstimulated EGFR is a monomer, but forms either homo-or-

heterodimers with other EGFR family members, binding soluble ligands to its ectodomain. Receptor
dimerization is essential for intracellular tyrosine kinase domains activation, that in turn induces
autophosphorylation of C-terminal tyrosines (11,12). The C-terminal phosphotyrosine residues can
bind to particular cytoplasmic proteins to amplify mitogenic signalling. Docking proteins such as
GRB2 contain an SH2 domain that binds to the phosphotyrosine residues of the activated receptor.
GRB2 SH3 domain binds to the guanine nucleotide exchange factor SOS. When the GRB2-SOS
complex docks to phosphorylated EGFR, SOS becomes activated. Activated SOS promotes RAS
activation, that activates the protein kinase activity of RAF kinase, followed by MEK
phosphorylation and mitogen-activated protein kinase (MAPK) activation (13,14,15). This
signaling pathway, involved in cellular proliferation regulation, has been proposed as the major
mitogenic signalling pathway initiated by the EGFR family of kinases (16). Furthermore, PI3K
pathway, is activated, inducing an increase of its downstream effector protein kinase-B (AKT),
driving the expression of anti-apoptotic molecules, such as the inhibitor of apoptosis protein survivin
(17,18). Another important downstream target is the mTOR pathway, often constitutively active in
cancer, implicated in cell cycle progression, apoptosis, and metastasis. Finally, STAT signaling is
also regulated by EGFR signaling (19).
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1.3 Epidermal growth factor receptor mutations in lung cancer
In lung cancer, specifically in adenocarcinoma, the epidermal growth factor receptor (EGFR)
signaling is upregulated, making it an attractive molecular target for tumor treatment (20). The era
of molecular targeted therapy in lung cancer started in 2004, when a correlation between clinical
response to EGFR tyrosine kinase inhibitors (TKIs) and EGFR activating mutations was observed
(21,22). Tyrosine kinase inhibitors (TKIs) are small ATP-competitive molecules that bind to the
intracellular tyrosine kinase domain of EGFR, blocking autophosphorylation of EGFR with
subsequent inhibition of the downstream signaling cascade. Two first-generation reversible EGFR
tyrosine kinase inhibitors (TKIs) were initially approved for lung cancer treatment: Gefitinib and
Erlotinib (23,24). Gefitinib (Iressa, ZD1839) was the first oral drug approved by the U.S. Food and
Drug Administration (FDA) in May 2003. Erlotinib (Tarceva) was approved by FDA in November
2004. Clinical responses to EGFR TKIs are correlated with mutation in kinase domain-encoding
region of the EGFR gene (25). Activating mutations identified in tyrosine kinase domain of EGFR,
determine the constitutive activation of the kinase, modifying the autoinhibited conformation
(26,27,28), normally maintained in the absence of ligand stimulation. Most clinically-relevant
predictor of EGFR-TKIs sensitivity consists of a single point mutation that substitutes Leucin-858
with arginine (L858R) in exon 21 and in-frame deletions in the conserved LREA motif of exon 19
(residues 747-750) (29). In particular, EGFR exon 19 deletion (del746-750) confers more
susceptibility to gefitinib treatment compared with tumors with the point mutation (L858R) in exon
21 (30,31). The oncogenic property of the L858R mutation has been demonstrated by the crystal
structure and kinetic characterization of the mutant L858R EGFR kinase domain, showing that it
has greater activity than WT EGFR (32,33,34). The altered conformation of the mutant tyrosine
kinase pocket confers sensitivity for two reasons, I) decrease the affinity of the kinase for ATP
(35,36,37,38) with which the inhibitors compete for binding; II) the active state of the kinase
facilitates the recognition by TKIs (37,38,39). Most EGFR mutant lung adenocarcinomas that
initially show a TKIs remarkable response, often recur, due to acquired EGFR resistance mutations.
The most known acquired mutation is located in EGFR gene, exon 20, and replaces methionine for
a threonine (T790M) (40), resulting in increased ATP affinity of the kinase. A group of new
generation EGFR-TKIs irreversibly bind the EGFR tyrosine kinase, thus representing an attempt to
overcome the acquired resistance to first-line generation TKIs and obtaining better outcomes than
reversible inhibitors (gefitinib and erlotinib) in lung cancers treatment. The second-generation
EGFR-TKIS are: afatinib (GIOTRIF) and dacomitinib (PF-00299804). Afatinib has been approved
for treatment of advanced NSCLC, harboring activating EGFR mutations, specifically exon 19
7

deletions or exon 21 (L858R) mutations. Third-generation irreversible EGFR-TKIs Osimertinib
(AZD9291), CO-1686, and HM61713 inhibit both EGFR activating and resistance mutations,
showing in early-phase studies promising response against tumors with acquired EGFR T790M.
(41).

1.4 Non-EGFR molecular alterations in lung cancer
EGFR gene mutations, and the consequent activation of survival pathways can contribute to EGFR
TKIs resistance. In particular, MET receptor gene amplification and protein overexpression have
been reported in lung adenocarcinomas and are correlated with a reduction in effectiveness of EGFR
inhibitors (42). The hepatocyte growth factor (HGF) and its receptor, the transmembrane tyrosine
kinase cMET, promotes cell proliferation, survival, motility, and invasion. Data in literature showed
that amplification of MET gene was identified in 22% of patients of a small group of 18 lung
adenocarcinomas, which after initial EGFR TKIs treatment developed resistance (43). Recent
experimental data also suggested that concomitant inhibition of MET and EGFR signaling in METamplified and EGFR-mutated xenografts resulted in an eradication of these tumors (44). Yu et al.,
showed that another mechanism of acquired resistance is HER amplification. However, there aren't
reliable data able to exclude that HER2 amplification was present before acquired EGFR TKI
resistance (45). Recent data suggests also that PTEN is implicated in EGFR TKI-resistant lung
cancer. Loss of PTEN activity causes an EGFR-independent activation of the PIK-3 signaling axis.
EGFR phosphorylation may be increased in the absence of PTEN activity. Further studies are
necessary to define the role of PTEN in EGFR TKI resistance pathobiology (2). Other mechanisms
of developing resistance to TKIs include constitutive activation of downstream mediators. In lung
cancer, particularly in NSCLC, KRAS, a main downstream signaling molecule in the EGFR
pathway, is frequently affected by somatic point mutations in codon 12 and 13, located in exon 2.
KRAS gene encodes for the GTP-binding protein RAS; mutated RAS loses its GTPase activity,
becoming constitutively active, leading to activation of downstream pathways including the RAFMEK-ERK (MAPK) signaling pathway and AKT-PI3K-mTOR pathway. Pao et al. reported for the
first time that lung adenocarcinoma patients with KRAS mutations are not responsive to gefitinib or
erlotinib (46). KRAS mutation correlates to EGFR-TKI therapy nonresponse for EGFR signaling
independent pathway activation (2,47). Mutations in BRAF, an ERK (extracellular signal-regulated
kinases) signaling pathway component, occur in lung adenocarcinomas, with V600E as the most
common mutation. BRAF mutations are usually mutually exclusive with EGFR and KRAS
mutations but the role of these mutations in the EGFR TKI therapy remains to be elucidated (2).
Moreover, ALK fusion is identified as the second most frequent independent oncogenic driver in
8

NSCLC (48). Contrarily, Sweis et al. identified concurrent EGFR mutation and ALK translocation
in four cases of NSCLC for a total of 20 cases (49). The fusion between echinoderm microtubuleassociated protein-like 4 (EML4) gene and anaplastic lymphoma kinase (ALK) gene has recently
been identified in a subset of non-small cell lung cancers (NSCLC). The fusion protein EML4-ALK,
identified by Soda et al (50) induces a constitutive activation of the intracellular domain of the kinase
ALK, that leads to a downstream cascade of events causing carcinogenesis (51). The patients with
ALK translocation respond to ALK tyrosine kinase inhibitors, such as Crizotinib® (52).

1.5 Lung cancer bone metastases
The skeleton represents a preferential site for lung cancer metastases, (53,54) but the molecular
mechanisms that regulate this process remain poorly understood, and successful treatment are
lacking. Lung cancer induces the formation of both osteoblastic and osteolytic metastases and, in
NSCLC, lytic bone metastasis are the most common (6,7). Normal bone structure remodelling is
dependent on a perfect balance between osteoclast-regulated bone resorption and osteoblastregulated bone formation (55). Bone-forming cells (osteoblasts) derive from pluripotent
mesenchymal stem cell (MSC) (56); while bone-resorbing cells (osteoclasts) originates from
proliferation and fusion of monocyte/macrophage precursor cells to form multinucleated cells (56).
The key mediator of bone remodelling is RANKL/RANK/OPG system. Receptor-Activator-ofNuclear-factor-Kappa-B-Ligand (RANKL), a membrane-bound protein expressed on the
osteoblasts binds RANK (the receptor activator of nuclear factor NF-Kb) on the surface of osteoclast
precursors, stimulating their differentiation into mature osteoclast. Mature osteoclasts, through their
podosomes form an acidified compartment known as "resorption pit" on the bone surface. In this
space the bone resorbing cells secrete hydrogen ions (H+), which are produced via carbonic
anhydrase II (CAII) and delivered into the "resorption pit" through an electrogenic vacuolar-type
H+-ATPase (V-ATPase) proton pump. Osteoclasts also secrete high concentrations of proteolytic
enzymes such as Cathepsin K (CTSK), tartrate-resistant Acid Phosphatase (TRAP) and Matrix
Metalloproteinases 9 (MMP9) (57). The low pH and secretion of enzymes to the bone surface is
essential to create optimal conditions for bone organic matrix degradation (58,59). The resorptive
function of mature osteoclasts is specifically regulated; an excessive osteoclastogenesis and bone
destruction is counteracted by OPG, a decoy receptor of RANKL, also produced by osteoblasts.
OPG, blocking RANKL and RANK binding, inhibits osteoclast differentiation and activation (6062). Soluble factors released from NSCLC cells increase osteoclast activity through the shift of the
normal balance between RANKL and Osteoprotegerin (OPG) (63). This bone destructive process
induces a “vicious cycle” in which growth factors released by the osteoclasts are able to stimulate
9

tumor growth and molecules released by cancer cells in turn enhance the osteoclast differentiation.
Data in the literature showed the correlation between RANKL/RANK/OPG system expression and
lung cancer bone metastases, suggesting it as a therapeutic target. Peng et al., analyzed the
RANKL/RANK/OPG system expression in different lung cancer cells (PG-BE1, PG-LH7 and PAa
cell lines) with different metastatic potentials. They showed that PG-EB1, the cell line with the
highest metastatic potential, exhibited the strongest expression of RANKL, RANK and OPG and a
significantly higher RANKL/OPG ratio at both mRNA and protein levels compared to other cell
lines. Furthermore, it was demonstrated that human tissue sections from bone metastases originating
from NSCLC exhibited higher RANKL: OPG ratio compared with tissue sections from primary
NSCLC lesions (63). Karapanagiotou EM et al., showed increased serum levels of osteoclast
regulatory protein sRANKL in NSCLC patients with bone metastasis. A clinical correlation between
RANKL/OPG/RANK expression with tumor stage, lymph-node metastasis, and distant metastasis
was also showed by the authors (64). Data reported in the literature also showed the involvement of
RANKL-RANK system in lung cancer cells metastatic potential promotion, suggesting that the
migration of NSCLC from primary sites to metastatic nodes might depend on RANKL level. Peng
et al., showed that recombinant RANKL protein treatment and transfection with RANKL cDNA
stimulated the migration and invasion in vitro of least invasive lung cancer PAa cells line expressing
RANK. The effect of RANKL in vitro was counteracted by OPG addition to the culture medium in
a dose-dependent manner (63). The authors obtained similar results in vivo, establishing a xenograft
mice model by intratibial injection of PAa cells or PAa-RANKL cells. The volume of tumor derived
from PAa-RANKL cells was significantly larger than that are derived from PAa cells alone; OPG
subcutaneously injected reverted these effects (63).

1.6 The EGFR network in bone biology and pathology
Several reports indicated that EGFR signaling is upregulated in NSCLC and in a variety of tumors
metastasizing to the bone (20,65-67). EGFR signaling components are expressed in skeletal cells
(68) and play an essential role in bone metabolism by regulating both osteoblasts and osteoclasts
activity through a cross talk with RANK/RANKL system. Zhu et al., showed that EGF-like ligands
stimulate osteoclast formation by inhibiting the expression of osteoprotegerin (OPG) and by
increasing the expression of RANKL and monocyte chemoattractant protein 1 (MCP1) in
osteoblastic cells (69). MCP-1 attracts osteoclast precursors to osteoblasts and induce osteoclast
fusion and activation (70). EGF and AREG stimulate preosteoblastic cells proliferation but inhibit
their differentiation into osteoblastic cells, inducing decreased mature osteoblast number and
promoting osteolytic lesions (71-78). The role of EGFR in regulating osteoclasts activity is also
10

reported in the literature. Recently, it was demonstrated that EGFR is expressed in pre-osteoclasts
and EGFR signaling is necessary for osteoclast formation from bone marrow precursor cells (79,80).
Data in the literature reported the role of EGFR ligands such as EGF and TGFA in enhancing bone
resorption in vitro and in vivo through osteoclast proliferation induction (81-87).

1.7 Exosomes: structure and biogenesis
Extracellular vesicles (EVs) are classified by different nomenclatures based on their size,
intracellular origin and releasing mechanism. The two classes of EVs better characterized are
exosomes and microvesicles (88). Microvesicles shed directly from plasma membranes and are
characterized by a diameter of 100 nm-1 mm; exosomes are distinct from other EVs for their origin,
size, function and composition (89). The term exosome was first proposed in 1983 in Rose
Johnstone's laboratory (90), to describe small vesicles (diameter of 20-100 nm) of endosomal origin
that were released during reticulocyte maturation (88). To date, the mechanism of exosomes
biogenesis is still unclear and known ways of exosomal generation are suggested by literature data.
These nanovesicles originate from multivesicular bodies (MVBs), formed during the maturation of
early endosomes into late endosomes with the accumulation of intraluminal vesicles (ILVs) and are
released into the extracellular space after fusion of MVBs with plasma membrane (90). The
Endosomal Sorting Complexes Required for Transport (ESCRT)-dependent mechanism plays a
central role in MVB formation, sorting and secretion (91-93) and consists of four distinct complexes
(ESCRT-0, ESCRT-1, ESCRT-II, ESCRT-III) with other auxiliary proteins among which Vps4.
The ESCRT-0 controls the cargo clustering in a ubiquitin dependent manner, the ESCRT-I and II
induce the bud formation in the MVB and the ESCRT-III induces the vescicle scission from the
MVB membrane. The auxiliary VPS4 protein plays a role in recycling the ESCRT machinery (94).
Once the exosomes are in the luminal space of the MVBs, SNARE family, and concretely, VAMP7 could enhance the membrane fusion between the MVBs and the plasma membrane (95,96). The
ESCRT-independent mechanism requires the sphingolipid ceramide, necessary for the budding of
intracellular vesicles into the MVB (97). However, due to their common multivesicular body origin,
exosomes have a common set of proteins that allow their identification, based on specific surface
markers, such as endosomal markers, including tetraspanins (CD9, CD63, CD81), heat shock
70kDa protein 4 (Hsp70), ALG-2-interacting protein X (Alix), tumor susceptibility gene 101
(Tsg101), and MHC classes I and II (98).
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1.8 Exosomes and tumor metastasis
Exosomes are cup-shaped nanovesicles with a lipid bilayer, containing a plethora of proteins,
including transmembrane receptors, membrane transporters, adhesion molecules, cytoskeletal and
heat shock proteins, cytokines, growth factors, lipids, mRNAs, and miRNAs able to inﬂuence the
phenotype and biological functions of recipient cells (94).
When discovered, in 1983, exosomes were considered as a mechanism through which viable cells
discard their "waste products" into extracellular space instead following studies demonstrated the
implications of the exosomes in different aspects of tumorigenesis such as immunomodulation (99),
pre-metastatic niche formation (100), tumor growth (101), drug resistance (102) and more recently,
drug removal (extrusion) (103). Tumor metastasis is a critical step in malignant progression,
responsible of failure of cancer therapy and death of a large majority of cancer patients (104). The
metastatic process is characterized by interaction of cancer cells with stroma in distant organs and
their full colonization, leading to development of the aggressive tumor phenotype (105,106).
Metastases are directed to preferential organs; for example prostate cancer to the bones, pancreatic
cancer and uveal melanoma to the liver, whereas tumors such as melanoma, breast- and lung cancer
can colonize several organs (107).
The Stephen Paget’s “seed-and soil” hypothesis suggests a preferential colonization of premetastatic niches in distant organs (soil) by circulating tumor cells (CTCs) derived from different
tumor types (seed) based on "functional" interactions between tumor cells and target
microenvironment (105,106,108-110). Despite Paget’s 126 years-old “seed-and-soil” hypothesis
(111), metastatic organotropism remained one of cancer’s greatest mysteries and insufficient
progress has been made to decode the mechanisms governing organ specific metastasis. Several
studies support a role for exosomes released by cancer cells as intercellular oncogenic driver of
functional biomolecules, in remodeling the tumor microenvironment, providing a hospitable
environment ("priming the metastatic niche"), and thereby contributing to tumor progression via
enhanced angiogenesis and metastasis. It was demonstrated that exosomes mediated transfer of
oncogenic EGFR from human squamous cell carcinoma to tumor-associated endothelial cells
activated MAPK and AKT cell signaling pathways and promoted endothelial VEGF expression
(112). Melanoma-derived exosomes have recently been shown to promote metastasis through the
preparation of the metastatic niche via crosstalk between the released exosomes and bone marrow
progenitor cells (113). Raimondi L et al., demonstrated that exosomes released by multiple myeloma
cells are involved in osteoclasts differentiation. These exosomes induced the differentiation of
murine RAW 264.7 macrophages and human primary preosteoclasts in osteoclasts, increasing the
12

expression of osteoclast markers such as Cathepsin K (CTSK), Matrix Metalloproteinases 9
(MMP9) and Tartrate-resistant Acid Phosphatase (TRAP) (114). Jung et al, demonstrated in a rat
model of pancreatic adenocarcinoma that exosomes of the metastatic adenocarcinoma create
premetastatic niches in lymph-nodes and lungs (115) in a CD44v4 dependent manner. Draining
lymph-nodes and lung tissue modulation by exosomes released by highly metastatic cells support
dissemination of poorly metastatic cells. CD44 is a marker of cancer initiating cells (CICs) that
induces metastasis formation by organizing a niche in (pre)metastatic organ (116,117). Furthermore,
CD44 protects cells from apoptosis by affecting receptor-mediated apoptosis and by activating
antiapoptotic proteins (118,119). EGFR signaling via exosomes might also contribute to metastatic
niche formation and cancer promotion (120,121). For the first time, Higginbotham et al.,
demonstrated that EGFR ligands are released in extracellular vesicles, showing a key role as
important actors in metastatic niche preparation (120). The authors showed that two EGFR ligands,
HB-EGF and TGFα are released in extracellular vesicles purified from both breast cancer cells
MDA-MB-231 cells and HCA-7 colorectal cancer cells whereas AREG was detected only in HCA7 vesicles. They also demonstrated that treatment with exosomes released from AREG-expressing
MDCK (Madin-Darby canine kidney cells) cells induces the highest invasive activity in MDA-MB231-derived LM2-4175 and LMO-1833 recipient cells that metastasize to lung and bone,
respectively (120) compared to exosomes released from TGFα or HB-EGF-expressing MDCK cells.
Corrado et al., showed that leukaemic cells (LAMA84) and blood samples of CML patient's
exosomes contain amphiregulin (AREG), and are able to activating EGFR signalling in bone
marrow stromal cells (HS5), increasing the expression of SNAIL and its targets, MMP9 and IL8.
IL8 secretion from stromal cells promote proliferation and survival of leukaemic cells, both in vitro
and in vivo establishing a bidirectional crosstalk. Pre-treatment of HS5 with LAMA84 exosomes
increases the expression of annexin A2, promoting leukaemic cells adesion to stromal monolayer,
supporting the growth and invasiveness of leukaemic cells (121).
In particular, Amphiregulin (AREG) is overexpressed in several cancers such as colon, breast and
lung (122). Moreover, its levels in plasma of NSCLC patients correlate with poor prognosis (123).
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1.9 Exosomes-based biomarker analysis in lung cancer disease
Although different therapeutic strategies, including surgery, radiation, chemotherapy, and targeted
molecular therapy are commonly used in lung cancer treatment, either alone or in combination, the
prognosis for lung cancer is still poor, due primarily to therapeutic resistance and high metastasis
rates (124). Unfortunately, have a tissue sample to monitor lung cancer disease progression is still
a main problem, especially during recurrence; for this reason new non-invasive early diagnostic,
predictive and prognostic biomarkers are needed (125,126). Recently, the implementation of liquid
biopsies in diagnosis, prognosis and follow-up of lung cancer patients has proven to be feasible and
of great clinical interest (127,128). In particular, exosomes can be used as biomarkers for early
detection, monitoring and prognosis of lung cancer disease (129-131). The goals of exosomes-based
biomarker analysis is the significant reduction of sample complexity, when compared to whole body
fluids and the reduction of invasiveness in a "liquid biopsy scenario" (132). Exosomes are highly
stable in biological fluids and are protected from degradation by their lipid bilayer (133). They have
been implicated in several cellular functions and their cargo may be deregulated in disease,
regarding it as ‘snapshots’ of their producer cells (134). These vesicles have been described in
numerous biological fluids, such as blood (serum and/or plasma), breast milk, urine, amniotic fluid,
saliva, cerebrospinal fluid, nasal secretions, bronchoalveolar lavage, bile, synovial fluid, sperm,
malignant effusions and ascites (98-135,136).

1.10 Exosomes in lung microenvironment and pathogenesis:
Exosomes as biomarkers in lung cancer
Exosomes purified by lung cancer cells and biological fluids of patients with NSCLC can offer a
great deal of biological information about physiological and pathological condition's patients,
becoming indicative for the early detection, monitoring and prognosis of lung cancer disease as
described in the literature data. The utility of miRNAs for cancer study has been largely described
(137). Despite circulating miRNAs are promising next-generation biomarkers for lung cancer
disease, few studies related to circulating extracellular vesicles miRNAs in lung cancer have been
reported. MicroRNAs (miRNAs) are small non-coding RNAs. They are recognized to regulate a
number of genes by binding to the 3’UTR of their target mRNA, resulting in the alteration of the
targeted gene expression. A single miRNA can influence multiple genes in a single cell. Rabinowits
et al., in 2009, demonstrated the potential application of exosomal miRNAs as biomarker for lung
cancer. The authors compared 12 miRNAs (miR-17-3p, miR-21, miR-106a, miR-146, miR-155,
miR-191, miR-203, miR-203, miR-205, miR-210, miR-212, and miR-214) in peripheral circulation
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exosome-derived miRNAs and tumor-derived miRNAs in lung cancer patients and healthy donors.
The results showed no significant difference between peripheral circulation miRNA-derived
exosomes and miRNA-derived tumors. These miRNAs (miR-17-3p, miR-21, miR- 106a, miR-146,
miR-155, miR-199, miR-192, miR-203, miR-205, -miR 210, -miR -212 and miR -214) were present
in NSCLC both in tissue and in circulating exosomes but their levels were non-detectable in healthy
donors, suggesting their application as predictive biomarkers of NSCLC (138). Cazzoli et al.,
screened 746 miRNAs in circulating exosomes analyzed on a training set of 3 groups: Lung
Adenocarcinomas, Lung Granulomas, healthy former smokers. The authors selected 4 exosomal
miRNAs (miRNA-378a, miR-379, miR-139-5p, and miR-200b-5p) as screening markers for
segregating lung adenocarcinoma and carcinomas patients from healthy former smokers. They also
identified six potential diagnostic exosomal miRNAs (hsa-miR-151a-5p, -30a-3p, -200b-5p, -6299,
-100, and -154-3p) that discriminate between lung adenocarcinoma and granuloma. These profiles
were confirmed in a validation set of 50 patients (139). As mentioned earlier, one of the main
problem of NSCLC is the high rates of progression and recurrence of the patients and exosomes are
regarding as new non-invasive biomarkers useful to monitor disease progression. Several miRNAs
have been reported to be indicative of tumour progression before Computerize Tomography Scan
(CT) detection. The downregulation of the miRNA-146-5p is indicative of a poor progression free
survival (PFS) compared to those patients with higher levels of the miRNA inside the exosomes
(140). Exosomal miRNAs have been described also as predictive biomarkers for treatment response,
considering them useful to improve clinic treatment choice. miRNA-145-5p levels are correlated to
the tumour chemosensitivity to cisplatin mediated through the blockade expression of Atg12, an
autophagy mediator gene (140). Two other independent studies show that upregulation of miR-1246
and miR-208-a is correlated with a high proliferation of the tumour and a resistant profile to
radiotherapy by targeting the genes DR5 and p21 respectively (141,142). The discovery of NGS
(Next-Generation Sequencing) has allowed to consider also exosomal RNAs and DNAs as a real
alternative to the tissue analysis. Rolfo C et al., described for the first time the ALK-EML4
chromosomal translocation inside the exosomes in 17 advanced NSCLC patients, showing a positive
correlation with tissue from the same patients for 14 sample analyzed (143). Recent studies have
performed a proteomic profile of tumor-derived exosomes showing exosomal enrichment of several
proteins. Lung cancer exosomes contain several tumour associated proteins as reported in literature
data. Park et al performed the proteomic analysis of EVs derived from pleural effusion of NSCLC
patients, showing that microvesicles contained 912 different proteins, including the epidermal
growth factor receptor (EGFR), K-Ras, basigin (EMMPRIN, CD147), carcinoembryonic antigenrelated cell adhesion molecule 6 (CEACAM6), claudin1, claudin 3, and RAB family proteins (144).
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It has been reported that some EV proteins, such as leucin-rich alfa2-glycoprotein (LRG1), EGFR,
CD91, and CD317, may be potential exosomal markers of NSCLC (145-148). In particular
exosomal EGFR has been evaluated in NSCLC. Yamashita et al., detected the presence of exosomal
EGFR in five out of nine plasma samples from NSCLC patients, but none in nine healthy controls
(146). Similarly, in tumour biopsies, Huang et al. found exosomal EGFR in 80% of patients with
NSCLC, but only in 2% of patients with chronic obstructive lung disease (147). Sandfeld-Paulsen
et al. in a study with 276 NSCLC patients of all stages identified 49 exosomal membrane-bound
proteins and among these, 9 proteins with potential prognostic potential in NSCLC. In particular,
they indicate NY-ESO, EGFR and PLAP as prognostic markers for decreased survival with
increasing concentration level in NSCLC (149). Nowadays, the methodology that focus only on a
single exosome-protein has been overtaken by multiple protein markers panel (150). A recent study
used an extracellular vesicle array with 49 antibodies. Among the 49 exosomal proteins, CD151,
CD171, and tetraspanin 8, have been considered the strongest markers to identify lung cancer of all
histological subtypes compared to control samples (151).
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1.11 Rational and Objectives
The main objective of my research project is to understand the role played by non-small cell lung
cancer (NSCLC)-derived exosomes in bone metastasis formation. We hypothesize a role of
NSCLC-exosomes, containing AREG, in EGFR pathway activation in pre-osteoclasts, that in turn
causes an increased expression of RANKL. RANKL is able to induce the expression of proteolytic
enzymes, well-known markers of osteoclastogenesis, triggering a vicious cycle in lung cancer
osteolytic bone metastasis. The experimental model consists of two cell lines: CRL-2868, a NSCLC
cell line, istotype adenocarcinoma, sensitive to the first generation TKIs (Erlotinib and Gefitinib)
and RAW 264.7, a macrophage murine cell line, precursor of osteoclasts. The experimental strategy
was to isolate CRL-2868-derived exosomes and to treat RAW 264.7 cells with exosomes in order
to evaluate the role of exosomal-AREG in osteoclastogenesis induction through EGFR pathway
activation. The aims of this thesis can be subdivided into five subsequent steps:

1.To investigate the role of CRL 2868-exosomes in osteoclast differentiation through gene and
protein modulation of osteoclastic differentiation markers (TRAP, CATHEPSIN and MMP9) in
RAW 264.7 cell line.
2. To investigate the role of AREG carried by CRL2868-exosomes in EGFR pathway activation and
subsequent osteoclasts differentiation.
3. To investigate the role of AREG knockdown, neutralizing antibodies for AREG and the cotreatment with NSCLC-exosomes and Erlotinib in abrogating the effects induced by CRL 2868exosomes in osteoclast differentiation.
4. To investigate the role of AREG contained in exosomes released in lung cancer patients’s plasma
at different stages of tumor’s progression in human osteoclast differentiation.
5. To investigate the role of AREG as a predictor of bone metastases induced by lung cancer through
the isolation of exosomes released by different cell lines: cell lines that do not metastasize the bone
(SW620, K562), cell lines that metastasize the bone (MDA-MB-231, PC3, A549), non-tumor cell
lines (HS5, HEK-293).
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CHAPTER 2

Materials and Methods

Cell culture and reagents
Non-small cell lung cancer, CRL-2868 cell line was obtained from Prof Christian D. Rolfo
(University Hospital Antwerp Oncology). CRL-2868 cells were grown in RPMI-1640 (Euroclone,
UK) supplemented with 10% Fetal Bovine Serum (FBS, Euroclone, UK), 100 U/ml penicillin and
100 µg/ml streptomycin (Euroclone, UK) and with 1% Sodium pyruvate (Euroclone, UK). Non-small
cell lung cancer, A549 cell line and prostate cancer, PC3 cell line were obtained from ATCC and
were grown in RPMI-1640 (Euroclone, UK) supplemented with 10% Fetal Bovine Serum (FBS,
Euroclone, UK), 100 U/ml penicillin and 100 µg/ml streptomycin (Euroclone, UK). Breast cancer,
MDA-MB-231 cell line was obtained from ATCC and grown in DMEM-F12 (Euroclone, UK)
supplemented with 10% Fetal Bovine Serum (FBS, Euroclone, UK), 100 U/ml penicillin and 100
µg/ml streptomycin (Euroclone, UK). Murine macrophage Raw 264.7 cells were purchased from
ATCC® and cultured in Dulbecco’s modified Eagle’s medium (DMEM), supplemented with 10%
FBS, 100 U/ml penicillin and 100 µg/ml streptomycin. To induce differentiation, RAW 264.7 cells
were treated with 25 ng/ml of human recombinant RANK Ligand (RANKL) (Gibco, Life
Techonologies, USA) for 6 days in DMEM, supplemented with 10% FBS, previously
ultracentrifugated (OC medium). Alternately, cells were treated for 6 days with 20 µg/ml and 50
µg/ml of CRL-2868 cell-derived exosomes (CRL-2868-exosomes), in DMEM, supplemented with
10% of ultracentifugated FBS. Erlotinib (Cayman Chemical, Ann Arbor, MI, USA) was solubilized
at 10 mM stock solution in DMSO and stored at −20 °C. Neutralizing antibody anti-AREG (R&D
Systems, Abingdon, UK) was reconstituted at 0.2 mg/ ml in sterile PBS, aliquoted and stored at −20
°C. Recombinant AREG (R&D Systems, Abingdon, UK) was reconstituted at 0.1 mg/ml in sterile
PBS, aliquoted and stored at −20 °C. Working dilutions, where necessary, were prepared in medium.
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Isolation of human peripheral blood mononuclear cells
Human blood samples were obtained from two healthy donors, after written informed consent
obtained in accordance with the Declaration of Helsinki guidelines and Antwerp University Ethics
committee n. 14/17/206. Human peripheral blood mononuclear cells (PBMCs) were isolated using
the Ficoll-Paque (GE Healthcare Bio Science, Uppsala, Sweden) separation technique.

Preparation of human primary preosteoclasts (pOCs) and osteoclasts
(OCs)
PBMCs were cultured in 12-well plates at 1.5 × 106 cells per well in RPMI-1640 supplemented with
10% FBS previously ultracentrifuged, 25 ng/ml of human recombinant RANK Ligand, 25 ng/ml of
human MCSF (Gibco, Life Technologies, USA), and 10 nM dexamethasone (Sigma-Aldrich Italy)
(Human OC medium). After 2–4 days, the cultures were washed with RPMI-1640 medium to remove
non-adherent cells. The adherent cells were mononucleated expressing TRAP and were considered
committed pre-osteoclast. For human osteoclastogenesis assays, OC medium was added and the
cultures were continued for additional 4 days, at the end of the incubation, they contained large mature
multinucleated OCs. The culture period was 6–8 days for both TRAP staining assay and qRT-PCR
analysis.

NSCLC patients
Exosomes isolated from human blood samples were obtained from twenty diagnosed NSCLC patients
at different disease stages. Informed consent was obtained from patients, according to the Declaration
of Helsinki and with hospital ethics committee approval (Antwerp University Ethics committee n.
14/17/206). Plasma patients derived exosomes were isolated as described in the following section
“Exosomes isolation”. The patient population was selected according to these inclusion criteria:
histologically or cytologically confirmed diagnosis of stage III or IV; EGFR mutation status; presence
or not of bone metastasis; age 18 years or older at the time of informed consent; smokers and nosmokers declaration, sensitive to first line TKI inhibitors.
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Exosomes isolation
Exosomes released from CRL-2868 cells after a 24 hours culture period in the presence of FBS
previously ultracentrifugated (vesicle-free media) were isolated from conditioned culture medium
(CM) by different centrifugation steps as described by Thery et al. (152): 5 minutes at 300g in order
to eliminate cells and debris; 15 minutes at 3000g in order to eliminate apoptotic bodies and 30
minutes at 10.000g in order to eliminate microvesicles. The CM were ultracentrifuged for 100,000 ×
g for 1 hour and 45 minutes at 4 °C. Exosomes pellet was washed and then resuspended in PBS. In
average, we obtained 20 µg of exosomes from 7, 5 × 105 cells and 50 µg of exosomes from 1, 8 × 106
cells. The same exosomes isolation procedure was used for the other cell lines. Exosome protein
content was determined by the Bradford assay (Pierce, Rockford, IL, USA). Exosomes from plasma
of NSCLC patients (1,5 ml) were isolated after the 100,000 × g ultracentrifugation for 1 hour and 45
minutes at 4 °C to pellet the exosomes. Exosomes pellet was washed and then resuspended in PBS.
Exosomes protein content was determined by the Bradford assay (Pierce, Rockford, IL, USA).

Dynamic light scattering (DLS) analysis
Exosome size distribution was determined by DLS experiments. Exosome samples were diluted 30
times to avoid inter-particle interaction and placed at 20°C in a thermostated cell compartment of a
Brookhaven Instruments BI200-SM goniometer with a solid-state laser tuned at 532 nm. Scattered
intensity autocorrelation functions g2(t) were measured by using a Brookhaven BI-9000 correlator
and analyzed in order to determine the distribution P(D) of the diffusion coefficient D by using a
constrained regularization method or alternatively a gamma distribution. The size distribution,
namely the distribution of hydrodynamic diameter Dh, was derived by using the Stokes-Einstein
relation: D = (kBT)/ (3πη Dh), where D is the diffusion coefficient, kB is the Boltzman constant, η is
the medium viscosity and T is the temperature. The mean hydrodynamic diameter of exosomes was
calculated by fitting a Gaussian function to the measured size distribution.

Uptake of CRL-2868-exosomes by Raw 264.7 cells
CRL-2868 and A549 cell-derived exosomes were labeled with PKH26 (Sigma-Aldrich, Italy),
according to the manufacturer’s instructions. Briefly, exosomes collected after the 100,000 × g
ultracentrifugation, were incubated with PKH26 for 10 min at room temperature. Labeled exosomes
were washed in PBS, centrifugated and resuspended in low serum medium and incubated with Raw
264.7 cells, seeded in 24-well plates at a density of 100.000 cells per well, for 1–3 hours at 37 °C. In
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a set of experiments, RAW 264.7 cells were pretreated with 50 µM 5-ethyl-N-isopropyl amiloride
(EIPA), a known inhibitor of exosomes uptake, for 3 h. After incubation, cells were processed as
previously described (153). RAW 264.7 cells were stained with ActinGreenTM 488 Ready ProbesR
Reagent (Life Technologies, USA) that binds F-actin with high affinity. Nuclei were stained with
Hoechst (Molecular Probes, Life Technologies, USA) and analyzed by confocal microscopy (Nikon
Eclipse Ti). Each picture was acquired with laser intensities and amplifier gains adjusted to avoid
pixel saturation. Each fluorophore used was excited independently and sequential detection was
performed. Each picture consisted of a z-series of images of 1024–1024 pixel resolution. IMAGE-J
software (http://imagej.nih.gov/ij/) was used in order to perform a semi-quantitative analysis of
fluorescence intensity; we selected the perinuclear area in a section at 5 μm and measured the
fluorescence intensity. Values are the mean ± SD of 15 measurements from three independent
experiments.

Transmission electron microscopy (TEM)
Murine macrophage RAW 264.7 cells treated with CRL-2868 exosomes for seven days were
analyzed by TEM. After a brief rinse in PBS, cells were fixed with 2.5% glutaraldehyde 0.1 M sodium
cacodylate, pH 7.3, for 60 min at room temperature. Cells were then rinsed, post-fixed with 1%
osmium tetroxide in the same buffer for 1 h at 4 °C, and dehydrated in ascending alcohols. After
embedding in Epon resin, ultrathin sections were cut using a Reichert Ultracut E, stained, and
examined using a transmission electron microscope (Jeoll JEM-1400 Plus,), at 80 kV. Images were
taken with Digital CCD Camera 8 M. Moreover, for electron microscopic studies, a 5 μl aliquot of
exosome preparations was placed onto carbon-coated 200-mesh copper grids (Electron Microscopy
Sciences, USA) for 20 min at room temperature. After, the samples were fixed for 5 min in 1%
glutaraldehyde in PBS and negatively stained with 2% aqueous solution of phosphotungstic acid. The
grids were examined using JEOL JEM-1400 Plus electron microscope, at 80 kV.
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Immunogold-labelling

of

AREG

in

exosomal

membranes

(immunoelectron microscopy)
Membrane vesicles were resuspended and applied onto 200-mesh grids with formvar- carbon-coating.
The samples were blocked with 1% bovine serum albumin in PBS. The grids were incubated with
rabbit Ab against AREG, followed by goat anti-rabbit IgG coupled to 12-nm gold (Jackson). Control
grids were also included, in which the primary antibody was omitted. The grids were post-fixed in
1% glutaraldehyde in PBS, negatively stained and examined under Jeoll JEM-1400 Plus electron
microscope.

Knockdown of Amphiregulin with shRNA Plasmid in CRL-2868 cells
Stable transfection of Amphiregulin shRNA Plasmid sc-39412-SH (Santa Cruz Biotechnology, Inc.)
in CRL 2868 cells was carried out according to the suggestions from Santa Cruz Biotechnology, Inc.
Cell line cultures were grown in a six well tissue culture plate, in RPMI medium supplemented with
10% FBS (without standard antibiotics) to reach about 50–70% confluence. The optimal shRNA
Plasmid DNA: shRNA Plasmid Transfection Reagent ratio, experimentally determined was 3 µg of
shRNA Plasmid DNA and 3 µl of shRNA Plasmid Transfection Reagent. Following incubation for
30 minutes at room temperature, the shRNA Plasmid DNA/ShRNA Plasmid Transfection Reagent
Complex was added to CRL 2868 cells. Following incubation for 7 hours at 37 °C in a CO2 incubator,
RPMI medium containing 2 times the normal serum and antibiotics concentration (2x normal growth
medium) was added. The cells were incubated for an additional 24 h at 37 °C in a CO2 incubator. For
selection of stably transfected cells, puromycin, at the concentration of 4 µg/ml, was added to the
medium 48 hours post-transfection. Every 2 days the growth medium was aspirated and replaced with
freshly prepared selective media. Controls shRNA Plasmids included: Control shRNA Plasmid-A
(sc-108060), Control shRNA Plasmid-B (sc-108065), Control shRNA Plasmid-C (sc-108066) and
cofGFP Control Plasmid (sc-108083).

RNA extraction and realtime PCR
RAW 264.7 cells were cultured in 12-well plates at 5.000 cells/ml for well and treated or not with
CRL-2868-exosomes and A549 exosomes (20-50 µg/ml) or recombinant AREG (20-50 ng/ml) or
RANK Ligand 25 ng/ml ± Erlotinib 0.5 µM for 6 days, as described in the results section. Neutralizing
antibodies anti-AREG (Novus) (20 ng/ml) were incubated with CRL-2868 exosomes or A549
exosomes for 1h at 37°C and then used to treat RAW 264.7 cells for 6 days. As negative control,
CRL-2868 exosomes were incubated with non-specific antibodies for 1h at 37°C. Human primary
22

preosteoclast cells were grown in 12-well plates at 1.5×106 cells per well and treated or not with CRL2868-exosomes (20-50 µg/ml) or recombinant AREG (20-50 ng/ml) or RANK Ligand 25 ng/ml ±
Erlotinib 0.5 µM for 4 days, as described in the results. Human primary preosteoclast cells were, also
treated with exosomes collected from plasma of patients NSCLC (20 µg/ml) for 4 days, as described
in the results. RNA was extracted using the commercially available Illustra RNAspin Mini Isolation
Kit (GE Healthcare, Little Chalfont, Buckinghamshire, UK), according to manufacturer’s
instructions. Total RNA from RAW 264.7 or from human primary preosteoclast cells was reverse
transcribed to cDNA using the High Capacity cDNA Reverse Transcription kit (Applied Biosystems,
Foster City, CA, USA). RT-QPCR was performed in 48-well plates using the Step-One Real-Time
PCR System (Applied Biosystems). For quantitative Sybergreen real-time PCR, reaction was carried
out in a total volume of 20 µl containing 2 SYBER Green I Master Mix (Applied Biosystems), 2 µl
cDNA and 300 nM forward and reverse primers. Primers were obtained from Invitrogen (Foster City,
CA, USA) and Primer sequences are reported in Table 1. Real-time PCR was performed in duplicates
for each data point. Relative changes in gene expression between control and treated samples were
determined using the Ct method. Levels of the target transcript were normalized to a GAPDH
endogenous control, constantly expressed in all samples (∆Ct). For ∆∆Ct values, additional
subtractions were performed between treated samples and control ∆Ct values. Final values were
expressed as fold of induction.

Western blotting and antibodies
RAW 264.7 cells were cultured in petri dishes (p100) at 30.000 cells for each and treated or not with
CRL-2868 exosomes (20-50 µg/ml) or recombinant AREG (20-50 ng/ml) or RANKL 25 ng/ml ±
Erlotinib 0.5 µM for 6 days, as described in the results. Neutralizing antibodies anti-AREG (20 ng/ml)
were incubated with CRL-2868-exosomes (50 µg/ml) for 1h at 37°C and then used to treat RAW
264.7 cells for 6 days. SDS-PAGE Electrophoresis and Western Blotting were performed as
previously described (4). Briefly, cells were lysated for 1 hour and 30 minutes in lysis buffer
containing 15mM Tris/HCl pH7.5, 120mM NaCl, 25mM KCl, 1mM EDTA, 0.5% Triton X100, and
Protease Inhibitor Cocktail (100X, Sigma-Aldrich, USA). Cell lysates (from 30 μg to 50 µg per lane)
were separated using 4-12% Novex Bis-Tris SDS-acrylamide gels (Invitrogen, Life Technologies,
USA), transferred on Nitrocellulose membranes (Invitrogen, Life Technologies, USA), and
immunoblotted with the primary antibodies. The following antibodies were used: EGFR, p-EGFR
(Cell Signaling Technology, Lane Danvers, MA, USA), AREG (R&D Systems, Abingdon, UK),
CD63 (sc-15363), were obtained from Santa Cruz Biotechnology (Santa Cruz Biotechnology, Inc.,
Santa Cruz, CA, USA); Alix (2171S) antibodies were obtained from Cell Signaling (Beverly, MA).
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TRAP staining assay
RAW 264.7 cells and human primary osteoclasts were stained for detection of TRAP activity
according to the manufacturer’s protocol (Acid Phosphatase, Leukocyte (TRAP) Kit; Sigma-Aldrich,
USA) and evaluated by optical microscopy. Raw 264.7 cells were seeded in 12-well plates at a density
of 2.000 cells per well and treated for 6 days with CRL-2868 exosomes (20–50 μg/ml), A549
exosomes (20–50 μg/ml), recombinant AREG (20–50 ng/ml) or RANK Ligand 25 ng/ml ± Erlotinib
0.5 µM. Neutralizing antibodies anti-AREG (20 ng/ml) were incubated with CRL-2868-exosomes or
A549 exosomes (50 µg/ml) for 1 h at 37 °C and used to treat RAW 264.7 cells for 6 days. Human
primary osteoclasts were seeded in 12-well plates at a density of 1.5 × 106 cells per well and cultured
in OC medium alone or with CRL-2868-exosomes (20–50 µg/ml) ± Erlotinib 0.5 µM or with plasma
patients (NSCLC) derived exosomes (20 µg/ml). TRAP positive multinucleated cells were scored as
mature osteoclasts. Three independent experiments were performed in triplicate; cells from five
different fields were counted for each condition.

ELISA assay
RAW 264.7 conditioned medium (CM) was collected from cells stimulated or not for 6 days with
CRL-2868-exosomes (20-50 μg/ml), recombinant AREG (20-50 ng/ml) or RANKL 25 ng/ml ±
Erlotinib 0.5 µM. Neutralizing antibodies anti-AREG (20 ng/ml) were incubated with CRL-2868 cellderived exosomes (50 µg/ml) for 1h at 37°C and used to treat RAW 264.7 cells for 6 days. Human
primary osteoclasts conditioned medium (CM) was collected from cells stimulated for 4 days with
OC medium alone or with CRL-2868-exosomes (20-50 µg/ml) ± Erlotinib 0.5 µM or with plasma
patients (NSCLC) derived exosomes (20 µg/ml). CM aliquots were centrifuged to remove cellular
debris and used to quantify MMP9 and RANK Ligand with ELISA kits according to the
manufacturer’s protocol. MMP9 levels secreted by both Human primary OCs and Raw264.7 cells
were quantified respectively by Human MMP-9 ELISA assays (Invitrogen) and mouse ELISA Kit
for MMP9 Cloud-clone Corp®. RANK Ligand levels secreted by both Human primary OCs and
RAW 264.7 cells were quantified respectively by ELISA Complete kit human sRANKL assay
(KOMABIOTECH) and ELISA Complete kit mouse sRANKL assay (KOMABIOTECH).
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CHAPTER 3

Results

3.1 Characterization of exosomes released by NSCLC cells
CRL-2868 cells are able to release nanovesicles into the culture medium, that were isolated by
ultracentrifugation for 100,000 × g for 1 hour and 45 minutes at 4°C and characterized as exosomes
by Western blotting using antibodies specific for ALIX, TSG 101 and CD63 (Fig. 1a). TEM analysis
further showed that vesicles released from CRL-2868 cells, have the well-known cup shape already
described for exosomes isolated from different cell lines (Fig. 1b).

3.2 CRL-2868 exosomes contain AREG
Our research group had previously demonstrated that exosomes released by multiple myeloma cells
are involved in osteoclasts differentiation. These exosomes induced the differentiation of murine
RAW 264.7 and human primary preosteoclasts in osteoclasts, increasing the expression of osteoclast
markers such as Cathepsin K (CTSK), Matrix Metalloproteinase 9 (MMP9), and Tartrate-resistant
Acid Phosphatase (TRAP) (114).
Our hypothesis is that CRL-2868 exosomal AREG activates the EGFR pathway in RAW 264.7 cells,
thus remodelling the bone microenvironment, and “priming the bone metastatic niche” for cancer
cells, thereby contributing to tumor progression. In order to confirm our hypothesis we demonstrated,
as a first step, a CRL-2868-exosomal enrichment of AREG with respect to parental cells, as
demonstrated by Western blotting using antibody specific for AREG (Fig. 1c). TEM analyses
following immunogold-labelling showed that AREG decorates the CRL-2868 exosomal membranes
(Fig. 1d).

25

3.3 CRL-2868 exosomes are internalized by Raw 264.7 cells and induce
morphological differentiation of murine preosteoclasts
The uptake of isolated exosomes by Raw 264.7 cells was examined by labelling exosomes with PKH26: RAW 264.7 cells treated with CRL-2868 exosomes internalized the vesicles in a time and dosedependent manner (Fig. 2). As shown in Figure 2, exosomes are rapidly internalized by Raw 264.7
cells at 37°C and localized in the perinuclear compartment after 3 hours of incubation. Figure 3 shows
that the addition of CRL-2868 exosomes to RAW 264.7 cells positively modulates cell differentiation
in mature osteoclasts, inducing the typical multinucleated osteoclast morphology. Treatment of
preosteoclasts was done with 20 μg/ml of CRL-2868 exosomes for 6 days. In Fig. 3a confocal
analyses showed the induction of multinucleated cells and filopodia formation. Furthermore, in order
to evaluate the differentiation toward a mature osteoclast phenotype we analyzed the ultrastructural
morphology of cells at TEM. In the control culture (untreated RAW 264.7 cells), cells displayed the
typical features of monocytes with smooth cell surfaces. On the contrary, multinucleated cells of
various size and morphology were observed among monocytes grown in the presence of CRL-2868
exosomes (Fig. 3b). The multinucleated osteoclasts were structurally characterized by the
development of ruffled borders; they exhibited large nuclei with several nucleoli. In the cytoplasm,
we observed a rich rough endoplasmic reticulum, mitochondria and many lysosomal bodies (Fig. 3b).
We also observed that exosomes released by A549, another NSCLC cell line, are uptaken by RAW
264.7 cells in a time and dose dependent manner (Fig. 4a) and are able to induce osteoclast
differentiation similarly to exosomes released by CRL-2868 cells, inducing multinucleated
morphology of pre-osteoclasts, typical of mature osteoclasts (Fig. 4b).
However, the uptake of CRL-2868 and A549 exosomes in RAW 264.7 cells was blocked by treatment
of pre-osteoclasts with 50 μM EIPA (Fig.5a), a well-known blocker of macropinocytosis, thus
supporting the hypothesis that exosomes internalization could occur by endocytosis. Semiquantitative analysis of PKH-26-exosomes fluorescence intensity in the cytoplasm of RAW 264.7
cells is showed in Figure 2b and 5b.
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3.4 CRL-2868 exosomes induce the activation of EGFR pathway
It was demonstrated that EGFR is expressed in pre-osteoclasts and EGFR signaling is necessary for
osteoclast formation from bone marrow precursor cells. EGFR ligands stimulate osteoclast formation
by inhibiting OPG expression and upregulating RANKL (69). We demonstrated that the addition of
CRL-2868 exosomes to RAW 264.7 cells induced the activation of EGFR pathway and osteoclast
markers expression. As shown by Western blotting analysis, RAW 264.7 cells treated for 6 days, with
20 μg/ml CRL-2868 exosomes (Exo) and RANKL (positive control) showed an increase of EGFR
phosphorylation (pEGFR) compared to untreated cells (Ctrl) (Fig. 6a and b). The role of EGFR
pathway activation in osteoclast differentiation was investigated, focusing our attention on RANKL
modulation by CRL-2868 exosomes. RANKL is a membrane-bound protein expressed on osteoblasts
that binds RANK, on the surface of osteoclast precursors, stimulating their differentiation into mature
osteoclast, increasing the expression of osteoclast markers, such as Cathepsin K (CTSK), Matrix
Metalloproteinase 9 (MMP9) and Tartrate-resistant Acid Phosphatase (TRAP). Interestingly, through
quantitative Real Time PCR analysis, we demonstrated an increase of msRANKL gene expression in
Raw 264.7 cells treated for 6 days, with 20 and 50 μg/ml CRL-2868 exosomes compared to untreated
cells (Fig. 6c). These data were confirmed also at protein level with an ELISA assay: treatment of
Raw 264.7 with CRL-2868 exosomes for 6 days, with 20 and 50 μg/ml CRL-2868 exosomes
increased the amount of soluble msRANKL in culture medium (Fig. 6d). In order to investigate the
role of CRL-2868 exosomes in EGFR pathway activation, as first step we demonstrated, by western
blotting analysis, that CRL-2868 exosomes didn’t show an EGFR exosomal enrichment compared to
parental cells (Fig 6e). These data indicate that CRL-2868 exosomal AREG induces EGFR pathway
activation and the endogenous upregulation of RANKL in osteoclast precursors, suggesting the role
of CRL-2868 exosomes as osteoclastogenesis inducers.

3.5 CRL-2868 exosomes induce osteoclast differentiation markers
expression
The differentiating effect mediated by EGFR pathway activation, were also analyzed through analysis
of TRAP and MMP9 expression, well-known genes involved in osteoclasts differentiation. Through
qPCR analysis, we demonstrated an increase of TRAP and MMP9 gene expression in Raw 264.7
cells treated for 6 days, with 20 and 50 μg/ml CRL-2868 exosomes or RANKL (positive control)
compared to untreated cells (Fig. 7a). These data were confirmed also at protein level with an ELISA
assay: treatment of Raw 264.7 with CRL-2868 exosomes (20 and 50 μg/ml for 6 days) or RANKL
increased the amount of soluble MMP9 protein levels in culture medium (Fig. 7b). TRAP staining of
27

RAW 264.7 cells incubated with CRL-2868 exosomes and 25 ng/ml of RANKL (positive control),
for 6 days, confirmed the induction of TRAP-positive multinucleate cells, compared with untreated
cells (Fig. 7c). We confirmed this mechanism in a human pre-osteoclasts model, by treating human
primary pre-osteoclasts cells for 4 days, with 20–50 μg/ml of CRL-2868 exosomes. The treatment of
POs induced the gene expression of TRAP and MMP9 compared to untreated cells (Fig 8a). The
ELISA assay for MMP9 confirmed the increased release of metalloprotease in exosome-treated
human pre-osteoclasts (Fig. 8b). In order to confirm that CRL-2868 derived exosomes are enriched
in AREG, and that this molecule is responsible of the observed effect, we analyzed the levels of
AREG contained in conditioned media previously deprived of exosomes (CM- Exo). As showed by
western blotting, CM- Exo did not contain AREG (Figure 9a). We tested the effects of CM- Exo on
osteoclast differentiation and we observed that CM- Exo had not effects on RANKL at protein and
mRNA levels (Figure 9b and c), MMP9 and TRAP gene expression (Figure 9d) and MMP9 at protein
level (Fig.9e). These data suggest that CRL-2868 exosomal AREG induces EGFR pathway activation
and and the upregulation of endogenous RANKL in osteoclast precursors, suggesting their role as
osteoclastogenesis inducers. Western blotting analysis of exosomes released by other three cell lines
(NSCLC: A549; Prostate cancer: PC3; Breast Cancer: MDA-MB-231) inducing bone metastases
showed an exosomal enrichment of AREG compared to parental cells, supporting the potential role
of exosomal AREG released by cancer cells as predictive biomarker of bone metastatic niche
formation (Fig.10).

3.6 Amphiregulin contained in NSCLC-exosomes induces osteoclast
differentiation
In order to further confirm that exosomal AREG induces EGFR pathway activation causing osteoclast
differentiation, Raw 264.7 cells were first treated with recombinant AREG (Rec-AREG). Confocal
microscopy analysis of RAW 264.7 cells, treated for 6 days with Rec-AREG showed the induction
of multinucleated morphology typical of mature osteoclasts and filopodia formation (Fig 11a).
Moreover, RAW 264.7 cells treatment with Rec-AREG for 6 days is able to increase the expression
of the osteoclast differentiation markers (TRAP and MMP9) at mRNA and protein level compared
with untreated RAW 264.7 cells (Fig. 11b-d). The osteoclast markers modulation in RAW 264.7 cells
induced by Rec-AREG treatment is comparable to that achieved following CRL-2868 exosomes
treatment. Moreover, the treatment of RAW 264.7 cells with Rec-AREG induced an increase of
EGFR phosphorylation (Fig. 12a and b), that in turn enhanced the expression of msRANKL at mRNA
and protein level (Fig. 12c and d) similar to those obtained with CRL-2868 exosomes treatment.
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3.7 Erlotinib and Neutralizing antibodies revert the effects of NSCLC
exosomes in osteoclast differentiation
The involvement of exosomal AREG in osteoclastogenesis regulation mediated by EGFR pathway
activation was confirmed through several experiments. As first, we used Erlotinib to abrogate the
effects of Rec-AREG and NSCLC-exosomes in osteoclast differentiation. Furugaki and colleagues
have demonstrated that Erlotinib inhibits tumor-induced osteolytic bone metastasis by suppressing
osteoclast activation through (i) the inhibition of tumor growth at the bone metastatic sites, (ii) the
osteolytic factor production in tumor cells, (iii) the osteoblast proliferation and osteoclast
differentiation from mouse bone marrow cells (biblio). Confocal microscopy analysis showed that
co-treatment of RAW 264.7 with CRL-2868 exosomes plus Erlotinib or co-treatment of RAW 264.7
with Rec-AREG and Erlotinib abrogates the morphological differentiation of RAW 264.7 cells in
mature osteoclasts induced by CRL-2868 exosomes or Rec-AREG treatment alone (Fig 11a).
Moreover through qPCR analysis we demonstrated that co-treatment of RAW 264.7 with Rec-AREG
and Erlotinib for 6 days decreased mRNA expression of TRAP and MMP9 compared to Rec-AREG
treatment alone (Fig. 11 b). These data were confirmed also at protein level with an ELISA assay:
RAW 264.7 cells co-treated for 6 days, with Rec-AREG and Erlotinib showed a decreased amount
of soluble MMP9 protein levels in culture medium compared to Rec-AREG treatment (Fig. 11c).
TRAP staining of RAW 264.7 cells co-treated for 6 days with Rec-AREG and Erlotinib showed a
reduction of TRAP-positive multinucleate cells, compared with Rec-AREG treated cells (Fig. 11d).
The role of Erlotinib in abrogating the effects of NSCLC-exosomes in osteoclast differentiation was
also demonstrated by following experiments. We demonstrated through qPCR analysis that cotreatment of RAW 264.7 with CRL-2868 exosomes (20–50 μg/ml) and Erlotinib for 6 days, decreased
mRNA expression of TRAP and MMP9 compared to CRL-2868 exosomal treatment alone (Fig. 13a).
These data were confirmed also at protein level with an ELISA assay; RAW 264.7 cells co-treated
for 6 days, with 20–50 μg/ml of CRL-2868 exosomes and Erlotinib showed a decreased amount of
soluble MMP9 protein levels in culture medium compared to CRL-2868 exosomes treatment (Fig.
13b). TRAP staining of RAW 264.7 cells co-treated for 6 days, with 20–50 μg/ml of CRL-2868
exosomes and Erlotinib showed a reduction of TRAP-positive multinucleate cells, compared with
CRL-2868 exosomes treated cells (Fig. 13c). As shown by western blotting analysis, in RAW 264.7
cells the co-treatment with CRL-2868 exosomes plus Erlotinib or Rec-AREG plus Erlotinib reverted
the increase of EGFR phosphorylation induced by CRL-2868 exosomes or Rec-AREG treatment
alone (Fig. 12a and b). The role of CRL-2868 exosomal AREG in osteoclastogenesis induction was
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also confirmed by co-treatment of RAW 264.7 with CRL-2868 exosomes and AREG neutralizing
antibodies. As shown in Fig. 14a, the co-treatment of RAW 264.7 with CRL-2868 exosomes and
AREG neutralizing antibodies for 6 days, caused a decrease of TRAP positive multinucleate
osteoclasts cells compared to the treatment with exosomes alone (Fig.14a). Through real time PCR
analysis of mRNA expression of TRAP and MMP9 we demonstrated that co-treatment with CRL2868 exosomes and AREG neutralizing antibodies reverted the effects on osteoclast differentiation
mediated by exosomes treatment alone (Fig.14b). The proteic MMP9 modulation was also confirmed
by an ELISA assay (Fig. 14c). These data showed that the co-treatment of RAW 264.7 with CRL2868 exosomes and AREG neutralizing antibodies or co-treatment of RAW 264.7 with CRL-2868
exosomes and Erlotinib reverted the effects on osteoclast differentiation mediated by exosomal
treatment alone, confirming the role played by AREG in osteoclast differentiation mediated by EGFR
pathway activation. We obtained similar results after treatment of Raw 264.7 cells with A549
exosomes plus neutralizing antobodies for AREG and the co-treatment with A549 exosomes and
Erlotinib showing the abrogating of the effects induced by A549-exosomes in osteoclast precursors
differentiation (Figure 15a-c).

3.8 Knockdown of AREG in CRL-2868 cells causes a decrease of
exosomal AREG
According to the results described so far, our data indicated that elevated levels of AREG in NSCLCexosomes induce EGFR pathway activation thus promoting osteoclast differentiation. In order to
confirm our hypothesis, we reduced the AREG level in the CRL-2868 cells by stably expressing
human AREG shRNA plasmid. Following puromycin (4 μg/mL) selection, we isolated AREG
shRNA cells (AREG-knockdown CRL-2868 cells) and compared them with cells transfected with
empty vector (Mock-CRL-2868 cells) and control AREG shRNA plasmid (Scramble-CRL-2868
cells). Through real time PCR analysis of mRNA expression of AREG in CRL-2868 cells transfected
with AREG shRNA plasmid (AREG-knockdown CRL-2868 cells), empty vector (Mock-CRL-2868
cells) and control AREG shRNA plasmid (Scramble-CRL-2868 cells), we observed, as expected, that
the expression levels of AREG decreased in AREG shRNA cells with respect to control cells
(Fig. 16a). Western blotting of AREG in AREG-knockdown CRL-2868 cells showed that also the
protein expression levels of AREG decreased in AREG shRNA cells with respect to control cells
(Fig.16b). We also found a strong decrease of AREG levels in CRL-2868 exosomes from AREGknockdown CRL-2868 cells, with respect to CRL-2868 exosomes from control cells, as showed by
western blotting (Fig. 16c). In RAW 264.7 cells and human pre-osteoclasts, the treatment for 6 days,
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with exosomes released by AREG-knockdown CRL-2868 cells did not affect the expression of the
osteoclast differentiation markers compared to CRL-2868 exosomes from control cell, as
demonstrated by the levels of TRAP and MMP9 mRNA (Fig. 17a,b).Furthermore, as shown in
Fig. 17c, Raw 264.7 cells treatment with exosomes released by CRL-2868 cells Control, Mock and
Scramble induced the formation of TRAP-positive multinucleate cells compared to untreated RAW
264.7 cells or incubated for six days with exosomes released by AREG-knockdown CRL-2868 cells.
These data confirm that the reduction of AREG level in CRL-2868 exosomes from AREGknockdown CRL-2868 cells, impair the role of CRL-2868 exosomes in osteoclastogensis induction.

3.9 Exosomes released in plasma of NSCLC patients modulate
osteoclastogenesis in human primary osteoclasts
In order to confirm ex vivo the effects of exosomal AREG on osteoclastogenesis, human primary
osteoclasts were treated with exosomes released in plasma of NSCLC patients at different stages of
disease progression, with or without bone metastases. Exosomes (30 µg) isolated from plasma (1,
5 ml) of four NSCLC patients (Pz 1: stage I, Pz 2: stage IB, Pz 3: stage IIIA, Pz 4: stage IIIA) were
characterized by Western blotting, using antibodies specific for ALIX, TSG101 to confirm their
exosomal identity (Fig. 18a). We demonstrated that exosomes released in plasma of twenty NSCLC
patients at different disease stage contained AREG, as showed by a representative western blotting
of exosomes purified from ten samples of NSCLC plasma patients at different disease stages
(Fig.18b). However, despite the described correlation between increased amounts of AREG in
NSCLC (123,154) sera and poor prognosis we did not find the same correlation with exosomal AREG
and NSCLC stadiation. We demonstrated that exosomes released in plasma of NSCLC patients
modulate osteoclastogenesis in human primary osteoclasts. Human PBMCs were treated with
RANKL and dexamehasone, after 4 days, the adherent cells were mononucleated, expressed TRAP
and considered as committed preosteoclast cells (POs). POs cultured in differentiation medium and
incubated with exosomes from plasma of NSCLC patients, for 4 days, acquired the morphology of
mature osteoclasts, as shown by TRAP staining assay (Fig. 18c). Moreover, Real Time PCR of TRAP
and MMP9 mRNA expression of POs treated with NSCLC patients-exosomes showed that exosomes
treatment induced an increased expression of TRAP (Fig.18d) and MMP9 at mRNA and protein
levels (Fig. 19a and b). The same effects were obtained following Rec-AREG treatments of POs
(Fig.18c and d; Fig.19 a and b). The effects on osteoclast differentiation mediated by NSCLC
exosomes reverted after cotreatment with AREG neutralizing antibodies (Fig.18c and d; Fig.19 a and
b). Overall, these data supported the hypothesis that AREG contained in NSCLC plasma patients
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exosomes modulate osteoclastogenesis in human primary osteoclasts, by inducing MMP and TRAP
expression, well known markers of osteoclast differentiation.
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CHAPTER 4

Discussion

Non-small cell lung cancer (NSCLC) remains the leading cause of cancer-related deaths worldwide.
Lung cancer induces both osteoblastic and osteolytic metastases formation being osteolytic
metastases the most common in NSCLC (6,7). Bone microenvironment can promote the growth of
lung cancer metastases through the interaction of metastatic cells with osteoclasts and osteoblasts
thus promoting bone metastases (155,156). The unbalance between RANKL and OPG contributes to
NSCLC development in vivo (7), in xenograft mice model has been demonstrated that RANKL
overexpression promoted bone destruction and tumor growth of NSCLC cells (70). Several reports
indicate that EGFR signaling is upregulated in NSCLC and in a variety of tumors metastasizing to
the bone, making it an attractive molecular target for tumor treatment. Furthermore, it was
demonstrated that EGFR regulates osteoclast differentiation through the crosstalk with RANK
signaling (122). EGFR is expressed in osteoclast lineage cells and RANKL-mediated
osteoclastogenesis requires intact EGFR signaling. Interestingly, EGFR-deficient mice showed
defective osteoclast recruitment (157).
Although different therapeutic strategies, including surgery, radiation, chemotherapy, and targeted
molecular therapy among which tyrosine kinase inhibitors are commonly used in lung cancer
treatment, either alone or in combination, the prognosis for lung cancer is still poor, due primarily to
therapeutic resistance and high metastasis rates (127). Unfortunately, to obtain a tissue sample to
monitor lung cancer disease progression is still a main problem, especially during recurrence, for this
reason new and non-invasive early diagnostic, predictive and prognostic biomarkers are needed
(128,129). Recently, the implementation of liquid biopsies, in particular exosomes, in diagnosis,
prognosis and follow-up of lung cancer patients is of great clinical interest (130,131). Exosomes have
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a key role in the cell-cell communication and they have been recently indicated as important actors
in metastatic niche preparation.
Our study increases the knowledge in the complex interaction between bone microenvironment and
lung cancer cells by investigating the role of tumour derived exosomes. Recently our research group
showed that multiple myeloma (MM) exosomes had a role in osteoclast differentiation (114).
Raimondi et al., showed that exosomes released by MM cells are involved in osteoclasts
differentiation. These exosomes induced the differentiation of murine RAW 264.7 and human
primary preosteoclasts in mature osteoclasts, increasing the expression of osteoclast markers such as
Cathepsin K (CTSK), Matrix Metalloproteinase 9 (MMP9), and Tartrate-resistant Acid Phosphatase
(TRAP) (114). Considering that EGFR signalling is upregulated in NSCLC and play a central role in
osteoclast differentiation regulation through the crosstalk with RANK signaling (137), we
investigated in this new study the involvement of EGFR pathway in osteoclastogenesis induction
mediated by cancer derived exosomes.
In this study we isolated and characterized through morphological and biochemical analyses
exosomes released in CRL-2868 conditioned media (Fig.1) and in plasma of NSCLC patients
(Fig.19). In line with data from literature, we showed that RAW 264.7 cells treated with NSCLC
exosomes activate EGFR pathway that caused an upregulation of RANKL (Fig.6) and of
osteoclastogenesis markers (MMP9 and TRAP) (Fig.7,8). In order to confirm the central role of
EGFR pathway activation in the induction of osteoclastogesis, we tested the effects of Erlotinib in
the osteoclasts differentiation mediated by NSCLC exosomes. Tyrosine kinase inhibitors (TKIs) of
EGFR activity have been introduced several years ago to treat NSCLC patients. Erlotinib, one of the
first-generation EGFR-TKIs (27,28) binds competitively and reversibly to the ATP-binding site of
the EGFR TK domain, and shows a significant advance treatment in selected NSCLC patients with
activating EGFR mutations. Our experiments demonstrated that the co-treatment of pre-osteoclasts
with exosomes and Erlotinib reverted the effect of exosomes (Fig.11,12,13) in osteoclasts
differentiation, indicating that the block of EGFR pathway inhibited osteoclastogenesis.
Of the family of seven peptide growth factors that bound and activated EGFR, we focused on
Amphiregulin as the main exosomal actor involved in the induction of osteoclastogenesis mediated
by EGFR pathway activation. Data in literature reported that this protein is overexpressed in several
cancers such as colon, breast and lung (122). Moreover, it has been described that exosomes contain
EGFR ligands, among which Amphiregulin (AREG). Our research group had previously
demonstrated that leukaemic cell (LAMA84) and blood samples of CML patient’s exosomes contain
AREG, and are able to activate EGFR signalling in bone marrow stromal cells (HS5), increasing the
expression of SNAIL and its targets, MMPs and IL8 (121). Higginbotham et al., showed that AREG
34

is released in extracellular vescicles released from HCA-7 colorectal cells; data from the same paper
showed that treatment with exosomes released from AREG-expressing MDCK (Madin-Darby canine
kidney) cells induce the highest invasive activity in MDA-MB-231-derived LM2-4175 and LMO1833 recipient cells that metastasize to lung and bone, respectively, compared to exosomes released
from TGF-α or HB-EGF-expresing MDCK cells (120). Moreover, Chang et al., demonstrated that
AREG levels in plasma of NSCLC patients correlate with poor prognosis (123). In order to test if
exosomal AREG was an important molecule in the induction of EGFR pathway, we performed
experiments with recombinant AREG and AREG neutralizing antibody. As showed in Fig.11 and
Fig.12, the treatment of pre-osteoclasts with recombinant AREG had the similar effects of NSCLCexosomes on the induction of EGFR phosphorylation causing an increase of RANKL that modulated
MMP9 and TRAP expression and induced the typical phenotype of mature osteoclasts. The cotreatment of pre-osteoclasts with NSCLC-exosomes and AREG neutralizing antibodies reverted the
effects of osteoclasts differentiation mediated by NSCLC exosomes (Fig.14,15). The central role of
exosomal AREG in osteoclast differentiation was confirmed by the knockdown of AREG in CRL2868 cells. The decrease of AREG levels in CRL-2868 cells inhibited the accumulation of this
molecule into exosomes, reverting the effects on osteoclastogenesis induced by lung cancer exosomes
(Fig.16,17). The data obtained in Raw 264.7 cells treated with exosomes released by CRL-2868 cell
line were confirmed with human committed preosteoclast PMBCs treated with esosomes isolated
from plasma of twenty NSCLC patients at different disease stages. We demonstrated that NSCLC
patient exosomes were enriched in AREG and they induced the human preosteoclast differentiation
in mature osteoclasts. These effects reverted after treatment with AREG neutralizing antibodies
(Fig.18,19). However, despite described correlation between increased amounts of AREG in NSCLC
(123,154) sera with poor prognosis we did not find the same correlation with exosomal AREG and
NSCLC stadiation. Probably, constitutive EGFR activation in NSCLC cells leads to an increase of
AREG signaling since the early disease stage, driving the cancer progression toward osteolytic bone
metastasis.
Taken together our data indicated that exosomal AREG induces the activation of EGFR pathway that
increases, in pre-osteoclasts treated with NSCLC-exosomes, the expression of RANKL at mRNA and
protein levels. RANKL, in turn is able to induce the expression of proteolytic enzymes considered
osteoclastogenesis markers, triggering the vicious cycle.
We demonstrated for the first time the role of AREG contained in NSCLC-exosomes in the osteoclast
differentiation, providing the basis for further studies to develop new therapeutic strategy to inhibit
the fatal attraction between lung cancer and bone in order to enhance NSCLC patients outcome.
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CHAPTER 5

Figures and Tables

36

5.1 Characterization of exosomes released by NSCLC cells

Figure 1: (a) Detection by western blotting of ALIX, TSG 101 and CD63 in 30 µg of exosomes purified
conditioned medium of CRL-2868 cells compared to 30 µg of parental cells whole lysate. (b)
Representative negative staining EM image of exosomes released by CRL-2868 cells. Scale bar 500 nm.
(c) Detection by western blotting of AREG in 30 µg of CRL-2868 exosomes compared to 30 µg of
parental cells whole lysate. (d) Gold labelling immune-electron microscopy and negative staining
indicating the presence of AREG antigen on exosomes. Scale bar 200 nm.
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5.2 CRL-2868 exosomes are internalized by RAW 264.7 cells and
induce preosteoclasts morphological differentiation

Figure 2: (a) Confocal microscopy analysis of RAW 264.7 cells treated, for 1 and 3 hours, with 20 μg/ml
(Exosomes 20 μg/ml) and 50 μg/ml (Exosomes 50 μg/ml) of CRL-2868 exosomes, compared to untreated
RAW 264.7 cells (Ctrl). RAW 264.7 were stained with ActinGreen (green), nuclear counterstaining was
performed using Hoescht (blue); exosomes were labelled with PKH26 (red). Scale bar 50 µm. (b) Semiquantitative analysis of CRL-2868 exosomes internalization, measured as red fluorescence intensity in the
cytoplasm of RAW 264.7 cells.
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Figure 3: (a) Confocal microscopy analysis of RAW 264.7 cells treated, for 6 days with 20 μg/ml
(Exosomes 20 μg/ml) of CRL-2868 exosomes, compared to untreated RAW 264.7 cells (Ctrl).
Scale bar 10 µm. (b) Comparative morphological features of pre-osteoclasts grown in the absence
(A) and presence (B) of CRL-2868 exosomes and analyzed by TEM. Scale bars: A = 2 µm;
B = 5 µm.
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Figure 4: (a) Confocal microscopy analysis of RAW 264.7 cells treated, for 1 and 3 hours, with
20 μg/ml (Exosomes 20 μg/ml) and 50 μg/ml (Exosomes 50 μg/ml) of A549 exosomes, compared
to untreated RAW 264.7 cells (Ctrl). RAW 264.7 were stained with ActinGreen (green), nuclear
counterstaining was performed using Hoescht (blue); exosomes were labelled with PKH26 (red).
(b) Confocal microscopy analysis of RAW 264.7 cells treated, for 6 days with: A549 exosomes
and RANKL compared with RAW 264.7 control (Ctrl). Scale bar 10 µm.
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Figure 5: (a) Analysis at confocal microscopy of RAW 264.7 cells co- treated, for 3 hour, with
50 µg/ml of CRL-2868 (CRL-2868-Exo + EIPA) and A549 exosomes (A549-Exo + EIPA) plus
EIPA (50 μM), compared with RAW 264.7 cells treated, for 3 hour, with 50 µg/ml of CRL-2868
(CRL-2868-Exo) and A549 exosomes (A549-Exo). Scale bar = 10 µm. (b) Semi-quantitative
analysis of CRL-2868 exosomes internalization, measured as red fluorescence intensity in the
cytoplasm of RAW 264.7 cells, after treatment with EIPA
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5.3 CRL-2868 exosomes induce the activation of EGFR
pathway

Figure 6: (a) Western blotting analysis of pEGFR and EGFR in whole lysate of RAW 264.7 cells
treated, for 6 days, with 20 μg/ml CRL-2868 exosomes (Exo) and RANKL (positive control)
compared to untreated cells (Ctrl). GAPDH was used as loading control. (b) Densitometric analysis
of Western blotting for pEGFR/EGRF. (c) Evaluation by quantitative Real Time PCR of mRNA
RANKL expression in RAW 264.7 cells treated, for 6 days, with 20 and 50 μg/ml CRL-2868
exosomes. (d) msRANKL protein levels assessed by ELISA, in RAW 264.7 cells treated, for 6 days,
with 20 and 50 μg/ml CRL-2868 exosomes. (e) Western blot analysis of EGFR in 30µg of CRL-2868
exosomes compared to 30µg whole lysate of parental cells.
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5.4 CRL-2868 exosomes induce osteoclast differentiation
markers expression in RAW 264.7 cell line

Figure 7: (a) Evaluation by quantitative Real Time PCR of mRNA expression of TRAP and
MMP9 in RAW 264.7 cells treated, for 6 days, with 20–50 μg/ml CRL-2868 exosomes and
RANKL (positive control). (b) MMP9 protein level assessed by ELISA, in RAW 264.7 cells
treated, for 6 days, with 20–50 μg/ml CRL-2868 exosomes and RANKL. Values are the
mean ± SD of 3 three independent experiments *p ≤ 0.05, **p ≤ 0.01. (c) TRAP staining of RAW
264.7 cells incubated with CRL-2868 exosomes and 25 ng/ml of RANKL (positive control), for
6 days, compared with untreated cells. Scale bar 10 µm.
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Figure 8: (a) Evaluation by quantitative Real Time PCR of mRNA expression of TRAP and MMP9
in human primary pre-osteoclasts treated, for 4 days, with 20–50 μg/ml of CRL-2868 exosomes. (b)
MMP9 protein levels assessed by ELISA, in human primary pre-osteoclasts treated, for 4 days, with
20–50 μg/ml CRL-2868 exosomes. Values are the mean ± SD of three independent experiments
*p ≤ 0.05, **p ≤ 0.01.
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Figure 9: (a) Detection by western blotting of AREG in 30 µg of CRL-2868 exosomes (Exo)
compared to 30 µg of parental cells whole lysate (Cells) and exosomes-deprived conditioned
medium (CM-exo: 10 ml of medium concentrated from which 30 µg of CRL-2868 exosomes were
isolated). (b) Evaluation by quantitative Real Time PCR of mRNA RANKL expression in RAW
264.7 cells treated, for 6 days, with 20 and 50 μg/ml CRL-2868 exosomes and exosomes-deprived
conditioned medium (CM-exo). (c) msRANKL protein levels assessed by ELISA, in RAW 264.7
cells treated, for 6 days, with 20 and 50 μg/ml CRL-2868 exosomes and conditioned medium
exosomes-deprived (CM-exo). (d) Evaluation by quantitative Real Time PCR of mRNA expression
of TRAP and MMP9 in RAW 264.7 cells treated, for 6 days, with 20-50 μg/ml CRL-2868 exosomes,
RANKL (positive control) and exosomes-deprived conditioned medium (CM-exo). (e) MMP9
protein level assessed by ELISA, in RAW 264.7 cells treated, for 6 days, with 20-50 μg/ml CRL2868 exosomes, RANKL exosomes-deprived conditioned medium (CM-exo). Values are the mean
± SD of 3 three independent experiments *p≤ 0.05, **p≤ 0.01.
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Figure 10: Detection by western blotting of AREG in 30 µg of CRL-2868, A549, PC3 and MDAMB-231 exosomes compared to 30 µg of parental cells whole lysate.
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5.5 Amphiregulin contained in NSCLC-exosomes induces osteoclast
differentiation

Figure 11: (a) Confocal microscopy analysis of RAW 264.7 cells treated, for 6 days with: CRL-2868
exosomes, CRL-2868 plus Erlotinib, Rec-AREG, Rec-AREG plus Erlotinib (Rec-AREG + Erlotinib),
Erlotinib compared with untreated RAW 264.7 cells (Ctrl). Scale bar 10 µm. (b) Evaluation by quantitative
Real Time PCR of mRNA expression of TRAP and MMP9 in RAW 264.7 cells treated, for 6 days, with:
CRL-2868 exosomes, CRL-2868 exosomes plus Erlotinib (CRL-2868 Exo + Erlotinib), Rec-AREG and
Rec-AREG plus Erlotinib (Rec-AREG + Erlotinib). (c) MMP9 protein level assessed by ELISA, in RAW
264.7 cells treated, for 6 days, with: CRL-2868 exosomes, Rec-AREG, CRL-2868 exosomes plus Erlotinib
(CRL-2868 Exo + Erlotinib), Rec-AREG plus Erlotinib (Rec-AREG + Erlotinib). Values are the mean ± SD
of three independent experiments *p ≤ 0.05, **p ≤ 0.01. (d) TRAP staining of RAW 264.7 cells incubated
with: Rec-AREG, Erlotinib, Rec-AREG plus Erlotinib (Rec-AREG + Erlotinib), for 6 days, compared with
untreated RAW 264.7 cells.
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5.6 Erlotinib and Neutralizing antibodies revert the effects of NSCLC
exosomes in osteoclast differentiation

Figure 12: (a) Western blotting analysis of pEGFR and EGFR in whole lysate of RAW 264.7 cells
treated, for 6 days, with: Erlotinib (2), Rec-AREG (3), CRL-2868 exosomes (4), Rec-AREG plus
Erlotinib (5), CRL-2868 exosomes plus Erlotinib (6) compared to untreated cells (1). GAPDH was used
as loading control. (b) Densitometric analysis of Western blotting for pEGFR/EGRF (c) Evaluation by
quantitative Real Time PCR of mRNA expression of mRNA RANKL expression in RAW 264.7 cells
treated, for 6 days, with: CRL-2868 exosomes, Rec-AREG, CRL-2868 exosomes plus Erlotinib (CRL2868 Exo + Erlotinib), Rec-AREG plus Erlotinib (Rec-AREG + Erlotinib). (d) RANKL protein levels
assessed by ELISA, in RAW 264.7 cells treated, for 6 days, with: CRL-2868 exosomes, Rec-AREG,
CRL-2868 exosomes plus Erlotinib (CRL-2868 Exo + Erlotinib), Rec-AREG plus Erlotinib (RecAREG + Erlotinib). Values are the mean ± SD of 3 three independent experiments *p ≤ 0.05, **p ≤ 0.01.
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Figure 13: (a) Evaluation by quantitative Real Time PCR of mRNA expression of TRAP and MMP9 in
RAW 264.7 cells treated, for 6 days, with: 20–50 μg/ml of CRL-2868 exosomes, Erlotinib and CRL-2868
exosomes plus Erlotinib. (b) MMP9 protein levels assessed by ELISA, in RAW 264.7 cells treated, for 6
days, with: 20–50 μg/ml of CRL-2868 exosomes, Erlotinib and CRL-2868 exosomes plus Erlotinib. Values
are the mean ± SD of three independent experiments *p ≤ 0.05, **p ≤ 0.01. (c) TRAP staining of RAW
264.7 cells incubated with: CRL-2868 exosomes, Erlotinib, and CRL-2868 exosomes plus Erlotinib, for
six days, compared with untreated RAW 264.7 cells. Scale bar 10 µm.
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Figure 14: (a) TRAP staining of RAW 264.7 cells incubated with: CRL-2868 exosomes, RecAREG, CRL-2868 exosomes plus AREG neutralizing antibodies, for 6 days, stained for TRAP
and compared with untreated cells (Ctrl). Scale bar 10 µm. (b) Evaluation by real Time PCR
analysis of mRNA expression of TRAP and MMP9 in RAW 264.7 cells treated, for 6 days, with:
CRL-2868 exosomes, Rec-AREG, AREG neutralizing antibodies, RANKL, CRL-2868 exosomes
plus AREG neutralizing antibodies. (c) MMP9 protein levels assessed by ELISA, in RAW 264.7
cells treated, for 6 days, with: CRL-2868 exosomes, Rec-AREG, AREG neutralizing antibodies,
RANKL, CRL-2868 exosomes plus AREG neutralizing antibodies. Values are the mean ± SD of
three independent experiments *p ≤ 0.05, **p ≤ 0.01.
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Figure 15: (a) Evaluation by real Time PCR analysis of mRNA expression of TRAP and MMP9 in RAW
264.7 cells treated, for 6 days, with: AREG neutralizing antibodies, Rec-AREG (20 ng/ml), A549 exosomes,
A549 exosomes plus AREG neutralizing antibodies, A549 exosomes plus isotype control antibodies, A549
exosomes plus Erlotinib and RANKL. Values are the mean ± SD of 3 three independent experiments *p≤
0.05, **p≤ 0.01. (b) Evaluation by real Time PCR analysis of mRNA expression of RANKL in RAW 264.7
cells treated, for 6 days, with: AREG neutralizing antibodies, Rec-AREG (20 ng/ml), A549 exosomes, A549
exosomes plus AREG neutralizing antibodies, A549 exosomes plus isotype control antibodies and A549
exosomes plus Erlotinib. (c) TRAP staining of RAW 264.7 cells incubated with: A549 exosomes, RANKL,
A549 exosomes plus AREG neutralizing antibodies, A549 exosomes plus Erlotinib, for 6 days, stained for
TRAP and compared with untreated cells (Ctrl). Scale bar 10 µm.
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5.7 Knockdown of AREG in CRL-2868 cells causes a decrease of
exosomal AREG

Figure 16: (a) Evaluation by real time PCR analysis of mRNA expression of AREG in CRL-2868
cells transfected with AREG shRNA plasmid (AREG-knockdown CRL-2868 cells), empty vector
(Mock-CRL-2868 cells) and control AREG shRNA plasmid (Scramble-CRL-2868 cells). (b)
Western blotting of AREG in whole lysate of Mock, Scramble, and AREG-knockdown CRL-2868
cells. (c) Western blotting of AREG in exosomes released by Mock, Scramble, and AREGknockdown CRL-2868 cells.
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c

Figure 17: (a) Evaluation by real time PCR analysis of mRNA expression of TRAP and MMP9
in RAW 264.7 cells treated, for 6 days, with exosomes released by Control, Mock, Scramble, and
AREG-knockdown CRL-2868 cells and RANKL. Values are the mean ± SD of three independent
experiments *p ≤ 0.05, **p ≤ 0.01. (b) Evaluation by real time PCR analysis of mRNA expression
of TRAP and MMP9 in primary human pre-osteoclasts treated for 4 days with: exosomes released
by Control, Mock, Scramble, and AREG-knockdown CRL-2868 cells. Values are the mean ± SD
of three independent experiments *p ≤ 0.05, **p ≤ 0.01. (c) RAW 264.7 cells were incubated with
exosomes released by Control, Mock, Scramble, and AREG-knockdown CRL-2868 cells and
RANKL, for 6 days, stained for TRAP and compared with untreated cells (Ctrl).
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5.8 Exosomes released in plasma of NSCLC patients modulate
osteoclastogenesis in human primary osteoclasts

c

Figure 18: (a) Representative western blotting of ALIX and TSG 101 in 30 µg of exosomes isolated from
plasma (1, 5 ml) of four NSCLC patients (Pz 1: stage I, Pz 2: stage IB, Pz 3: stage IIIA, Pz 4: stage IIIA).
(b) Representative western blotting of AREG in 30 µg of exosomes isolated from plasma of ten NSCLC
patients at different disease stages (Pz 1: stage I, Pz 2: stage IB, Pz 3: stage III, Pz 4: stage IIIA, Pz 5:stage
IV, Pz 6:stage IV, Pz 7:stage IV, Pz 8:stage IV, Pz 9:stage IV, Pz 10:stage IV). (c) TRAP staining of human
pOCs cultured in differentiation medium and incubated with: REC-AREG, CRL-2868 exosomes, NSCLCpatient exosomes, NSCLC-patient exosomes plus AREG neutralizing antibodies. Scale bar 10 µm. (d)
Evaluation by Real Time PCR of TRAP mRNA expression, in primary human pre-osteoclasts, treated for 4
days, with: CRL-2868 exosomes, AREG neutralizing antibodies, NSCLC patient exosomes, CRL-2868
exosomes plus AREG neutralizing antibodies, NSCLC patients exosomes plus AREG neutralizing
antibodies.
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Figure 19: (a) MMP9 mRNA expression, in primary human pre-osteoclasts, treated for 4 days,
with: CRL-2868 exosomes, AREG neutralizing antibodies, NSCLC patient exosomes, CRL-2868
exosomes plus AREG neutralizing antibodies, NSCLC patients exosomes plus AREG neutralizing
antibodies. (b) MMP9 protein levels assessed by ELISA, in primary human pre-osteoclasts treated
for 4 days with: CRL-2868 exosomes, AREG neutralizing antibodies, NSCLC patient exosomes,
CRL-2868 exosomes plus AREG neutralizing antibodies, NSCLC patients exosomes plus AREG
neutralizing antibodies.
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Table 1
Primer sequences
Gene
mouse GAPDH
mouse TRAP
mouse MMP9
mouse RANKL
human GAPDH
human TRAP
human MMP9
human RANKL
human AREG

Forward primer sequence (5'-3')
CCCAGAAGACTGTGGATGG
GCGACCATTGTTAGCCACATACG
GCTGACTACGATAAGGACGGCA
TCTCTGGGTCTAACCCCTGG
ATGGGGAAGGTGAAGGTCG
GATCCTGGGTGCAGACTTCA
CGCTACCACCTCGAACTTTG
AAGGCAGAATGTGTACCAGGG
GTGGTGCTGTCGCTCTTGATACTC
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Reverse primer sequence (5'-3')
CAGATTGGGGGTAGGAACAC
CGTTGATGTCGCACAGAGGGAT
GCGGCCCTCAAAGATGAACGG
CAGGTCCCAGCGCAATGTAA
GGGTCATTGATGGCAACAATATC
GCGCTTGGAGATCTTTAGAGT
GCCATTCACGTCGTCCTTAT
CTTGCCTCTGGCTGGAAACC
TCAAATCCATCAGCACTGTGGTC
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